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Abstract
The aim of this study was to determine the central corneal thickness (CCT) in living rats, mice and rabbits using a non-contact,
high-speed optical low coherence reﬂectometer (OLCR) mounted on a regular slit lamp. Both eyes of eight male Wistar rats, eight
male balb-c mice and eight male Japanese rabbits were measured. Each eye was measured twice (one measurement consists of 20
scans), the average calculated. Additionally, CCT was measured in rabbits using an ultrasound pachymeter. The mean CCT was:
rats: 159.08 lm (SD 14:99 lm), mice: 106.0 lm (SD 3:45 lm) and rabbits: 356.11 lm (SD 14:34 lm). With the use of OLCR
we were able to accurately measure the CCT of rats, mice and rabbits in vivo. This technique may prove useful in further refractive,
pharmacological and glaucoma studies.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Small animals like rats, mice and rabbits have been
widely used in ophthalmic research. Therefore, the op-
tical and anatomic parameters of their eyes have become
of great interest. Several schematic eye models were
developed to describe their anatomy and optical pa-
rameters. Especially the refractive state of the rat was
controversially discussed (Chaudhuri, Hallett, & Parker,
1983; Hughes, 1977, 1979; Massof & Chang, 1972;
Remtulla & Hallett, 1985). Various methods have been
used to determine the central corneal thickness (CCT).
In rats, corneal thickness was measured on histologic
semi-thin and ultrathin sections with the use of an image
analyzer (Behar-Cohen et al., 1998), in rabbits using a
contact high frequency ultrasound device (Allemann
et al., 1993) and in mice with a confocal microscope
(Jester et al., 2001). These methods suﬀer from poor
reproducibility. Large deviations were encountered
because of interobserver and instrumental variabilities
(Gordon, Boggess, & Molinari, 1990).
The optical low coherence reﬂectometer (OLCR) is a
non-contact pachymeter. Its high accuracy lies within a
range of 0.3–1.6 lm (Boehnke, Chavanne, Gianotti, &
Salathe, 1997, 1998; Boehnke et al., 1998, 1999; Waelti
et al., 1998). The purpose of this study was to determine
the CCT in living rats, mice and rabbits, and to establish
a reproducible and accurate method of measurement
using the OLCR. The collected data were compared
with previously published values determined ex vivo and
in vivo. In rabbits, CCT was additionally measured with
an ultrasound pachymeter, and the results compared
with the OLCR values.
2. Material and methods
2.1. Animals
All experiments were conducted in accordance with
the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research. Eight male Wistar rats 12
weeks old (Zentraler Tierstall, Inselspital, Bern, Swit-
zerland), weighing from 380 to 445 g were examined.
Rats were anesthetized with an intramuscular injection
of 0.1–0.15 ml of a mixture of 45 mg/ml ketamine
hydrochloride (Ketalar, Parke Davis, Morris Plains,
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NJ, USA), 9 mg/ml xylazine hydrochloride (Xylapan,
Chassot AG, Belp, Switzerland) and 1 mg/ml ace-
promazine (Prequilan, Fatro S.p.A., Bologna, Italy).
Eight 4-month-old male mice of the balb-c inbred strain
(Zentraler Tierstall, Inselspital, Bern, Switzerland),
weighting from 23 to 31 g were used. Mice were anes-
thetized with an intraperitoneal injection of 0.2–0.3 ml
of a mixture of 1.2 ml ketamine hydrochloride, 0.8 ml
xylazine hydrochloride and 8 ml sterile saline. Eight 4-
month-old male rabbits of the Harlequine Japanese
strain (Zentraler Tierstall, Bern, Switzerland), weight
ranging from 2750 to 3100 g, were used. For the ex-
amination of the rabbits no anesthesia was required.
The corneas of every animal was clear on slit lamp ex-
amination.
2.2. Corneal thickness measurement
CCT was measured in all animals using an OLCR
(Haag-Streit, Bern, Switzerland) attached to a BQ 900
slit lamp (Haag-Streit, Bern, Switzerland). The design of
the OLCR is based on a Michelson interferometer
powered with a broadband optical source (Fig. 1). The
broadband source is a superluminescent diode (SLD)
with an output power of 8 lW operated continuously at
850 nm. In addition to the SLD used to generated the
measurement signals a red laser diode (LD) beam is
coupled into a 2 2 single mode optical ﬁber coupler
(C). The LD is used to visualize the measurement po-
sition and to control the working distance. After passing
through C the two beams are split into the two arms of
the interferometer. The upper arm is the reference arm
(Ref) consisting of a path length varying glass cube ro-
tated at 3.7 rounds per second. The lower arm is the
sample arm with a slit lamp adapter (SLA) attached to
the microscope of a Haag-Streit slit lamp. The SLA is
used to focus the measurement beam (SLD-B) and the
pilot laser beam (LD-B) on to the rat cornea. The di-
ameter of the measuring beam from the SLD on the
surface of the central cornea is about 20 lm. The mea-
surement beam and the pilot beams intersect each other
at the optimum working distance. The optical power of
the measurement beam incident on the cornea is 8 lW.
Due to the refractive index diﬀerences occurring at the
air-to-cornea and cornea-to-anterior chamber inter-
faces, the measurement beam is reﬂected from the an-
terior and posterior corneal surfaces back into the SLA,
the sample arm ﬁber and the detector (Det). The de-
tection system consists of a silicon photodiode, an am-
pliﬁer and an oscilloscope to display the detected signal
An interferogram occurs when the diﬀerence between
the optical path lengths between the reference and
sample arms is less than the coherence length of the
SLD. The time elapsed between these two interference
signals is measured and the corresponding corneal
thickness is calculated and displayed on a display The
scanning system of the instrument allows a scanning
speed of 0.5 m/s and a repetition rate of about 15 Hz.
Twenty longitudinal scans are taken within 3–7 s, in
which the ﬁve highest and ﬁve lowest values are deleted.
The remaining 10 scans are used to calculate the mean,
range and standard deviation. The instrument was cal-
ibrated with a BK7 glass window (Melles Griot, Irvine,
CA, USA) of 1 mm thickness and a refractive index of
n ¼ 1:510 at 850 nm. Since OLCR yields optical dis-
tances, these need to be calculated by the refractive in-
dex of the cornea. In this study we used the refractive
index of 1.376 (Hughes, 1972; Massof & Chang, 1972).
The interferometric technique of the OLCR allows a
measurement precision within a range of 0.3–1.6 lm
(Boehnke et al., 1997; Waelti et al., 1998). The ultra-
sound pachymeter used in rabbits was the DGH 1000
(DGH technology Inc., Exton, PA, USA) with a fre-
quency of 20 MHz, an accuracy of 5 lm and a reso-
lution of 1 lm.
2.3. Method
Prior to examination, the chin holder of the slit lamp
was adapted for each species. Rats and mice were
anesthetized as described above. Rabbits were examined
while awake. After the correct positioning of the animal,
the cornea was aligned at the proper distance with the
help of two converging pilot lasers. Focusing onto the
corneal center, the visible corneal apex was used to align
with the aiming beam under slit lamp observance in
anesthetized mice and rats. In the non-anesthetized
rabbits measurements were only taken when the above
described centering was warranted and the animal
seemed to ﬁxate the aiming spot. All measurements were
performed between 11.00 a.m. and 1.00 p.m. and each
eye of each animal was measured twice. The four mea-
surements per animal (2/eye) were performed within a
time range of 5 min. Each measurement comprised a
series of 20 longitudinal scans taken within seconds, in
which the ﬁve highest and ﬁve lowest values were de-
leted. The remaining 10 scans were used to calculate the
mean, range and standard deviation. To assure physio-
logical corneal moisturization, BSS solution (Alcon,
Fort Worth, TX, USA) was administered 1 min before
C
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Fig. 1. Schematic of the OLCR pachymeter. SLD: superluminescent
diode; LD: laser diode; C: 2 2 ﬁber coupler; Ref: reference arm; SLA:
slit lamp adapter; SLD-B: superluminescent diode-beam; LD-B: laser
diode beam; Det: detector.
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measurement. Additionally, CCT was measured in
rabbits using an ultrasound pachymeter, taking three
measurements per eye.
3. Results
Mean CCT in rats was 159.08 lm (SD 14:99 lm,
Min 122.3 lm, Max 181.3 lm), in mice: 106.0 lm
(SD 3:45 lm, Min 100.7 lm, Max 112.6 lm), in rab-
bits: 356.11 lm (SD 14:34 lm, Min 338.5 lm, Max
388.1 lm) for both eyes. OLCR measurements in each
animal were concluded within 5 min, each single mea-
surement was taken within seconds. All animals com-
pleted the study without showing any adverse eﬀects
during or after the measurements.
When the CCT of the right eyes were compared to the
CCT of the left eyes, it did not diﬀer signiﬁcantly in any
of the groups: rats: OD 160.94 lm, OS 157.23 lm (mean
diﬀerence 3.71 lm, SD 9.79 lm) (Fig. 2), mice: OD
105.58 lm, OS 106.43 lm (mean diﬀerence )0.84 lm,
SD 4:57 lm) (Fig. 3) and in the group of the rabbits:
OD 355.85 lm, OS 356.37 lm (mean diﬀerence )0.52
lm, SD 2:63 lm) (Fig. 4).
The mean diﬀerence between the ﬁrst and the second
measurement was as follows: rats: 3.25 lm (SD 9:14
lm), mice: 0.41 lm (SD 2:61 lm, p ¼ 0:68 lm) and
rabbits: 3.06 lm (SD 2:87 lm).
The mean CCT in rabbits determined by the ultra-
sound pachymeter was 378.94 lm (SD 13:27 lm, Min
361 lm, Max 409 lm) with no remarkable diﬀerences
between the right and the left eye (Table 1). All ultra-
sound pachymeter measurements in each animal were
completed within minutes.
4. Discussion
The exact and reproducible measurement of corneal
thickness in the eye of small living animals is a diﬃcult
task. Corneal thickness measurements in rats so far were
only based on in vitro measurements taken on histo-
logical semi-thin or ultrathin sections before. Kim et al.
pointed out that consistent measurements could not be
made directly on the basis of histological sections due to
the lamellar structure of the corneal stroma and its
tendency to be compressed and stretched during cutting
and transfer to a microscope slide (Kim, Helena, Mo-
han, & Wilson, 1999). Behar-Cohen et al. (1998) mea-
sured corneal thickness on paraﬃn slides using an image
analyzer consisting of a microscope coupled to an
Fig. 2. OLCR-measurements of CCT in eight male Wistar rats, each
eye measured twice. Mean was 159.08 lm (SD 14:99 lm, Min 122.3
lm, Max 181.3 lm).
Fig. 3. OLCR-measurements of CCT in eight male balb-c mice, each
eye measured twice. Mean was 106.0 lm (SD 3:45 lm, Min 100.7
lm, Max 112.6 lm).
Fig. 4. OLCR-measurements of CCT in eight male Japanese Rabbits,
each eye measured twice. Mean was 356.11 lm (SD 14:34 lm, Min
338.5 lm, Max 388.1 lm).
Table 1
OLCR measurements of the right and left CCT compared to mea-
surements taken with the ultrasound pachymeter in rabbits
Mean CCT (SD)
OLCR OD: 355.85 lm (14.41)
OS: 356.37 lm (15.17)
Ultrasound OD: 379.96 lm (14.02)
OS: 377.92 lm (12.98)
Each OLCR measurement consists of twice 20 longitudinal scans in
which the ﬁve highest and ﬁve lowest values were deleted and the
remaining 10 scans were used to calculate the mean.
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analyzer system. They found a mean corneal thickness
of 126:89 11:11 lm in eight Lewis rats and described
that the ﬁxation process induced shrinkage of up to 20%
in comparison with the living cornea. In the present
study, we were able to measure for the ﬁrst time to our
knowledge, corneal thickness of rats in vivo. Using
OLCR, we found a mean corneal thickness of
159:08 14:99 lm in Wistar rats. Although a diﬀerent
rat strain was examined, these results are comparable to
those of Behar-Cohen et al., if tissue shrinkage after
ﬁxation is taken into account.
Very little is also known about corneal thickness in
mice. Jester et al. (2001) measured corneal thickness in
transgenic mice using contact in vivo confocal micros-
copy and found a corneal thickness of 112:9 7:0 lm in
eight non-treated PEPCK-TGFb over-expressing mice.
Taking into account the diﬀerence in mouse strain, the
OLCR pachymetry of the balb-c mice in this study
yielded similar results (106:0 3:45 lm). The OLCR
measurements are non-contact and therefore no contact
gel is required.
In the literature, more data is found on rabbit
pachymetry. Prince (1964) described corneal thickness in
rabbits to be between 0.3 and 0.4 mm at its center.
Optical measurements of corneal thickness in rabbits
was performed by Von Bahr (1956) in vivo, who mea-
sured an average thickness of 0.40 mm. Donn, Maurice,
and Mills (1959) found a ‘‘normal’’ thickness of 0.43
mm in vitro. Kaye and Pappas (1962) also measured
total thickness of approximately 0.41 mm in intact
rabbit corneas, which, after methacrylate embedding,
varied from 0.4 mm to as much as 0.6–0.7 mm. The
OLCR measurements in this study resulted in a CCT of
0.356 mm, with a narrow range of 0.338–0.388 mm.
Excimer laser photorefractive keratectomy (PRK)
has become an important surgical intervention for cor-
rection of refractive errors. Exact knowledge of corneal
thickness and ablation depth is therefore crucial. Nu-
merous studies investigating the eﬀects of PRK on the
rabbit cornea have been conducted (Amm, Wetzel,
Winter, Uthoﬀ, & Duncker, 1996; Dierick, Van Mella-
ert, & Missotten, 1999; Gaster et al., 1989; Stahl & Vold,
2000). Corneal thickness in all of those studies was al-
ways determined by ultrasound pachymetry. Allemann
et al. (1993) analyzed corneal scaring after PRK. They
measured corneal thickness in eight New Zealand white
rabbits and found a mean corneal thickness of 419 lm in
their control group. Kim et al. (1999) studied the
changes in corneal morphology associated with chronic
epithelial injury in eight New Zealand rabbits. They
measured corneal thickness ranging from 389 to 412 lm
in their control group. Our ultrasound measurements
were comparable to those published in the literature
while measurements taken by the OLCR presented
slightly thinner corneal thickness values. To date mea-
surement of corneal thickness are still performed using
optical slit lamp or ultrasound pachymetry. However,
these measurements have a rather poor reproducibility
and large interobserver and intersession variability
(Gordon et al., 1990; Olsen, Nielsen, & Ehlers, 1980).
New technologies based on the laser interferometer
principle are now available (Hitzenberger, Baumgartner,
Drexler, & Fercher, 1994). The present study employed
this novel non-contact optical biometry method, en-
abling high precision CCT measurements. The accuracy
of the OLCR lies within a range of 0.3–1.6 lm (Boehnke
et al., 1997, 1998, 1999; Waelti et al., 1998). Boehnke
et al. (1998) and Boehnke, Chavanne, et al. (1998) also
demonstrated its signiﬁcant higher accuracy compared
to ultrasound pachymetry.
In this study the ultrasound pachymeter continually
overestimated corneal thickness in rabbits by 8–11%.
Bechmann et al. (2001) described the same percentage of
overestimation in human corneas. Other groups also
showed overestimation using ultrasound pachymetry vs.
OCT (Maldonado et al., 2000; Wirbelauer et al., 2002).
This overestimation might have many reasons. Several
authors suggested that ultrasound based systems could
in general, slightly overestimate corneal thickness (Azen,
Burg, Smith, & Maguen, 1979; Doughty & Zaman,
2000; Salz et al., 1983). Wheeler, Morantes, Kristensen,
Pettit, and Lee (1992) also described that the DGH
pachymeter (as used in our study) consistently produced
readings higher than those observed with the specular
microscope. The diﬀerence between the DGH and an-
other ultrasonic pachymeter (Pach-Pen) was even larger.
This could be due to the larger probe tip, possible probe
tilting, epithelial edema from pressure and local anes-
thesia, calibration and sound velocity factors (Reader &
Salz, 1987). By taking this into account the observed
diﬀerence between the OLCR and the DGH pachymeter
measurements might be reconciled as the DGH device
seemingly gives relative high readings. Furthermore the
refractive index of the cornea might also be slightly
diﬀerent from that used in this study for the OLCR.
Other disadvantages of the ultrasound pachymeter
are the requirement of direct contact between the cor-
neal surface and the measuring tip with the possibility of
inﬂicting mechanical damage and the additional need of
topical anesthesia with possible toxic eﬀects to the epi-
thelium.
In vivo confocal microscopy is a very precise method
of measuring corneal thickness. Nevertheless the neces-
sity of an immersion ﬂuid like hydroxypropyl methyl-
cellulose to serve as a contact medium between the
corneal surface and the microscope objective again re-
quire topical anesthesia. The latter can be avoided using
the OLCR. It is a non-contact pachymeter, that only
allows measurements taken when a straight perpendic-
ular angle to the endothelium is warranted.
Within the experimental ﬁeld of glaucoma research
several study groups measured the intraocular pressure
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in rats (Cabrera, Wagner, Schork, Bohr, & Cohan, 1999;
Cohan & Bohr, 2001a; Kontiola, Goldblum, Mittag, &
Danias, 2001) and mice (Cohan & Bohr, 2001b) using
applanation tonometry. Although applanation tonom-
etry is known to be aﬀected by corneal thickness
(Stodtmeister, 1998; Whitacre & Stein, 1993), no
pachymetry measurements were considered in these
studies. The introduction of a reliable pachymetry
method that can be performed in vivo could compensate
for this shortcoming in future studies.
In summary the OLCR may prove a valuable in-
strument to improve study validity were corneal thick-
ness needs to be determined in small living animal eyes.
It is a simple, non-contact CCT measuring device with a
very high accuracy and reproducibility.
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